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INTRODUCTION 
The Ames Research Center of NASA has management responsibi l i ty  fo r  
a new se r i e s  of Pioneer spacecraft. 
Pioneer V I ,  w a s  launched on December 16, 1965 t o  obtain information on 
pa r t i c l e s  and fields and other solar phenomena i n  interplanetary space 
between ea r th  and 0.8 AU of the sun. Several s e r i e s  of follow-on m i s -  
sions a re  proposed t o  extend the penetration toward the  sun in to  the 
v ic in i ty  of 0.4 AU (6.25 suns) and then in to  0.2 AU (25 suns), using the 
basic Pioneer spacecraft modified t o  account f o r  the increased solar 
f lux.  
The first of f i v e  fbnded spacecraft, 
The present Pioneer spacecraft uses s i l i con  n on p solar  c e l l s  
mounted on the  outside of a spinning cy l indr ica l  s t ructure .  This solar 
c e l l  arrangement w a s  examined at  Ames f o r  the close-sun missions with 
the pr inc ipa l  problem being exposed as the  increase i n  c e l l  temperature 
and attendant decrease i n  operating voltage and power due t o  the  increase 
i n  solar  f lux.  For the 0.4-AU mission, it appeared feas ib le  t o  control 
the  c e l l  temperature by means of highly re f lec t ive  coatings and/or selec- 
t i v e  f i l t e r s ,  possibly i n  combination with a voltage booster. 
approach could not be extended t o  0.2 AU because of the p rac t i ca l  problem 
of supplying essent ia l ly  constant power from 1.0 AU (near-earth condition) 
t o  0.2 AU from the sun. A s  a possible solution, the  concept shown i n  
f igure 1 w a s  evolved at Ames which u t i l i z e s  a despun heat shield with an 
adjustable width s l o t  f o r  exposing the solar  c e l l s  t o  the sun. Although 
the heat shield provides a means of temperature control  and, consequently, 
the power output, it i s  desirable tha t ,  as the  spacecraft approaches 
0.2 AU of the sun, the  solar c e l l s  produce the maximum possible power 
output during t h e i r  b r ie f  exposure t o  the high solar  f l ux  as the c e l l s  
pass under the s l o t .  
fo r  conditions near 1 AU and do not exhibi t  the  power output character- 
i s t i c  desired at  high solar  f lux.  
T h i s  
Unfortunately, most solar  cellsKhaGe been designed 
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For the above reasons, two studies were conducted: one directed 
toward an investigation of highly re f lec t ive  coatings and selective 
interference f i l ters  fo r  solar c e l l s  on a spinning spacecraft fo r  the 
0.4-AU mission; the other, t o  the  design, fabrication, and test  of c e l l s  
which would exhibit  maximum operating voltage and power under conditions 
of high temperature and solar f lux  encountered i n  a 0.2-AU solar mission. 
The results of these two studies are given herein with emphasis given t o  
the reporting of test  measurements. 
STUDY OF TEMPERATURE-CONTROL COATINGS AND F1I;TERS 
Temperature-Control Coatings 
I n  the first of' these studies,' the use of selective interference 
f i l ters  and highly re f lec t ive  coatings t o  improve solar c e l l  performance 
a t  high insolation levels  w a s  investigated. The experimental configura- 
t i on  simulated a spinning spacecraft w i t h  solar  c e l l s  bonded t o ,  but 
thermally isolated from, the spacecraft. Measurements were made a t  1, 
3,  and 6 air-mass-zero suns. 
Coating Characterist ics 
Two types of coatings were investigated: multilayer interference 
coatings and opaque, fractional-area, high-reflectivity coatings. 
Interference F i l t e r s :  Interference f i l ters ,  by selectively passing 
a portion of the solar spectrum, reduce the t o t a l  energy incident on 
solar ce l l s .  
that are not converted or that a re  converted w i t h  poor efficiency by the 
solar c e l l .  Since the t o t a l  energy absorbed i s  reduced without change 
t o  emissivity, the operating temperature w i l l  decrease. T h i s  improves 
the efficiency of conversion of wavelengths passed by the f i l t e r .  The 
objective i s  t o  use a f i l t e r  bandpass which allows more gain i n  c e l l  
conversion fromtemperature decrease than it loses  f romthe  rejected 
wavelengths - 
A s  usually applied, f i l t e r s  r e j ec t  portions of the spectrum 
Six different  bandpasses were investigated fo r  usefulness i n  0.4-AU 
Table 1 shows measured character is t ics  of each f i l t e r  type at  
F i l t e r  4 i s  
missions. 
normal and off normal incidence. F i l t e r  types 1, 2, and 3 have a band- 
pass narrower than the t o t a l  solar c e l l  response bandwidth. 
essent ia l ly  a "blue" f i l t e r  while f i l t e r  types 5 and 6 closely approxi- 
mate the s i l i con  solar c e l l  response bandwidth. 
%e study w a s  performed by Philco Corp., WDL Division, Palo Alto, 
California,for the National Aeronautics and Space Administration, Ames 
Research Center , Moffett Field, California, under Contract NAS7-409, 
Reflective Coatings: An opaque re f lec t ive  coating applied t o  the 
underside of the cover glass  and covering a f rac t iona l  area of the  solar 
c e l l  a l s o  reduces the t o t a l  energy reaching the c e l l  without changing 
emissivity. Cell  temperature i s  thereby reduced and wavelengths con- 
ver t ib le  by the c e l l  are more e f f i c i en t ly  converted. An advantage i s  
realized i f  the improved conversion efficiency of fse t s  the loss  of con- 
version i n  the  covered fract ion.  
Metallic s i lver  coatings covering 20% and 40% of solar c e l l  area 
were investigated. The measured r e f l ec t iv i ty  was  approximately 0.8. 
If these coatings can be used i n  place of f i l ters  for  ac tua lmis-  
sions, there i s  significant cost advantage. 
Experimental 
Solar c e l l s  w i t h  cover p la tes  were mounted on rotatable f ix tures  
as shown i n  figure 2 .  This  arrangement simulated the anticipated ther- 
m a l  coupling between solar c e l l  and spacecraft. 
t e s t s  were performed i n  a vacuum chamber a t  a pressure of approxjmately 
5XlO-* t o r r  and a t  a spin rate of 43 rpm. 
assembly mounted i n  the vacuum chamber. 
solar simulator source and the l iquid nitrogen cooled shroud which ther-  
mally simulates space. During operation, the c e l l  assembly rotat ion w a s  
reversed every 120 turns  so t h a t  the e l ec t r i ca l  leads could wrap and 
unwrap, thus eliminating the need fo r  s l i p  rings. 
The rotat ing solar c e l l  
Figure 3 shows the rotat ing 
It a l s o  shows the carbon-arc 
Solar c e l l  performance a t  thermal equilibrium with each of the s i x  
f i l t e r  types w a s  measured while rotat ing i n  the  above experimental 
setup. In addition, t e s t s  were conducted using re f lec t ive  coating area 
fract ions of 20 and 40% coverage- The coatings were applied completely 
covering the long dimension perpendicular t o  the  c e l l  gr id  l ines .  
Results 
Table I1 summarizes the  test  resu l t s  at  the three designated f lux  
levels  fo r  the s i x  different  interference f i l t e rs  and fo r  two different  
ref lect ive coating fract ions.  Ts& shows the cold w a l l  temperature; 
Tee11 i s  the short c i r cu i t  
current a t  the peak of the cycle, that is, when the c e l l s  were normal t o  
the solar beam. Eo, i s  the open c i r cu i t  voltage and Pped the peak 
power under the same conditions. Figures 4, 5 ,  and 6 show p lo t s  of the 
current-voltage curves f o r  selected t e s t  specimens. In  figure 7, solar 
c e l l  current values from rotat ion under 1 sun illumination are shown 
fo r  several load resistances.  
i s  the c e l l  equilibrpting temperature; Is, 
Discussion 
From table I1 it i s  apparent that no one of the f i l ters or ref lec-  
t i v e  coating fract ions i s  ideal fo r  the mission contemplated. The 
narrow band f i l t e r s  (nos. 1, 2, and 3) and the high cutoff f i l t e r  
(no. 4) provide good thermal control and favorable power output at  
6 suns. The wide band 
fi l ters (nos. 5 and 6) show much higher temperatures as w e l l  as lower 
output at 6 suns; however, t h e i r  performance was b e t t e r  a t  1 sun. 
two re f lec t ive  coatings show infer ior  performance at  6 suns compared t o  
the narrow band f i l t e r s  but show a be t t e r  balance of power from 1 sun t o  
6 suns. 
This i s  a t  the penalty of low power at  1 sun. 
The 
The re su l t s  of t h i s  program have been interest ing and promising. 
Some fur ther  study appears desirable t o  show the degree of solar approach 
f o r  which coatings can provide a complete solution t o  the solar c e l l  power 
problem. 
or a conibination of the two w i l l  be required fo r  specific missions. 
Optimization of f i l t e r  bandpass, re f lec t ive  coating fraction, 
SILICON CELL7 FOR HIGH SOLAR FLUX 
A separate study2 w a s  made of the requirements and fabrication 
techniques f o r  s i l i con  solar c e l l s  f o r  use between 1 A U  and 0.2 AU from 
the sun. The study w a s  based on the state-of-the-art  capabili ty t o  pro- 
duce n on p 
mission. 
s i l i con  c e l l s  having character is t ics  optimized for  the 
The problem w a s  t o  design and fabricate  a c e l l  that would exhibit  
the maximum open-circuit voltage under conditions of high temperature 
and high radiat ion density w h i l e ,  at the same time, not unduly reducing 
the maximum short-circui t  current when the c e l l  i s  operated at  1 A U  from 
the sun. 
Solar c e l l  design c r i t e r i a  w e r e  developed and a design established 
i n  accordance with the c r i t e r i a .  
the design were fabricated. 
plan showed that  the c e l l s  so designed and fabricated were superior t o  
standard c e l l s  currently being employed f o r  1-earth-radius missions i n  
the i r  power conversion eff ic iencies  at  0.2 AU. 
A nuniber of solar c e l l s  complying with 
Tests made according t o  a predetermined t e s t  
2The study w a s  made by Electro-optical Systems, Inc., Pasadena, 
California,for the National Aeronautics and Space Administration, Ames 
Research Center, Moffett Field, California, under Contract ~e-S2-3613. 
Solar Cell  Design Cr i te r ia  and Rationale 
Series Resistance of Solar C e l l :  
have shown that se r i e s  resistance i s  a limiting factor  i n  the  output 
efficiency of c e l l s  at high illumination levels .  
the e f fec t  of se r ies  resistance has been published by Berman ( r e f .  2).  
From the  equivalent c i r cu i t  i n  figure 8, he has derived an expression 
fo r  the t o t a l  se r ies  resistance given by: 
Wolf and Rauschenbach ( r e f .  1) 
An exhaustive study of 
+ R, + R, + R, + R, RC Rs = 
1 + <Rc/rzp) 
where 
+ R, 
( 2 )  
[. + R, + (1/2)(R2 + R5) R, + R, + R4 Rc = R, + R, + R, 
2 +  
This c i r cu i t  represents a 
resistances i n  the v ic in i ty  of 
un i t  c e l l  and 
one gr id  of a 
having several grids,  the number of gr ids  i s  
takes in to  account a l l  the 
gridded c e l l .  For a c e l l  
substi tuted fo r  n i n  
Eq. (3) i n  performing the calculation. 
or estimated values for the various values of the resistances,  the  fo l -  
lowing considerations were made: 
Using Eq. (1) , with calculated 
Dopant Ident i ty  and Concentration: The r e s i s t i v i t y  of the bulk 
material of the c e l l  enters  i n to  the ser ies  resistance calculation 
through the R, term. If nominal 1 Q-cm i s  considered, R, M 0.012 Q. 
To consider r e s i s t i v i t i e s  lower than 1 Q-cm would not appreciably reduce 
the t o t a l  se r ies  resistance below 0.1 Q since it can be seen later that 
R, - R, M 0.08 t o  0.1 a. Also, since the short-circuit  current Is, i s  
d i rec t ly  proportional t o  the  r e s i s t i v i t y  of the s ta r t ing  material, the 
use of material having a r e s i s t i v i t y  much l e s s  than 0.5 Q-cm would not 
be warranted. 
The doping impurity i n  the material considered w a s  boron, since no 
par t icular  advantage (such as radiation resistance) would be gained by 
using group I11 elements other than boron. 
Cell  Thickness: Since R, must be minimized, the c e l l  should be 
However, the thinnest a c e l l  could be, and s t i l l  as th in  as possible. 
be capable of absorbing close t o  100% of incident photons, i s  200 p. 
It has been shown that i n  t h i s  thickness s i l i con  absorbs 100% of photons 
with 0.9 p wavelength and 94% of photons with 1.0 1-1 wavelength (ref 3). 
Furthermore, c e l l s  thinner than 200 p would be very susceptible t o  
breakage during processing Consequently, the c e l l  thickness should be 
> 200 p. - 
Diffusion Process: The diffusion program employed w a s  similar t o  
t ha t  used i n  the production of standard n on p ce l l s .  The surface t o  
be diffused was  etched, and the phosphorous source w a s  vaporized P205 
i n  a neutral  car r ie r  gas. The diffusion t e q e r a t u r e  w a s  gooo C. 
The sheet resistance RS of an n layer so  diffused i s  a prime 
In  Eq. (l), it factor  i n  the value of series resistance of the  c e l l .  
enters  in to  terms R, and R,. The term RS can be defined as 
where 
p = average r e s i s t i v i t y  of the diffused layer 
t = diffusion depth 
Clearly, one would want t o  minimize RS by lowering 75 or diffusing 
deeper. However, since a surface concentration of lo2” phosphorous atoms 
per cm3 i s  the maximum impurity concentration at ta inable  at the diffusion 
temperature, corresponding t o  a p 
method of decreasing RS i s  t o  increase t by diffusing deeper. 
Diffusion a t  a higher temperature i s  not desirable since a noticeable 
decrease of minority ca r r i e r  diffusion length would then occur, with a 
consequent decrease i n  the conversion efficiency of the c e l l .  By d i f -  
fusing f o r  a longer period of time, t can be increased. Diffusing too 
deeply could decrease the sens i t iv i ty  of the c e l l  t o  the blue portion of 
the spectrum. Berman (ref 2) has shown that deeply diffused 
ce l l s  a re  not as sensit ive t o  loss  of blue response as are  
In h i s  experiments, n on p 
e f f ic ien t  i n  energy conversion as c e l l s  with a junction depth of 0.3 p. 
In  performing the calculations of Eq. (l), c e l l s  with sintered contacts 
having an RS 
t o t a l  se r ies  resistance of 0.2 a. Assuming an RS of 15 per square 
(junction depth of 0.8 p), the calculation yielded a ser ies  resistance 
of 0.12 0. 
of sw 0.001 0-cm, the only other 
n on p 
p on n ce l l s .  
c e l l s  having junctions up t o  0.8 p were as 
of 40 0 per square (junction depth of 0.3 p) would have a 
Grids  and Contacts: Equation (1) and reference 2 indicate one could 
lower the ser ies  resistance t o  an exceedingly small value by placing many 
grids on the c e l l .  However, t h i s  would reduce the active area with a 
consequent loss  of short-circuit  current and efficiency. 
ments ( re f .  2) show that the  optimum number of grids  fo r  an 
a t  both 100 and 316 mW/cm2 i s  11. 
11 grids  would be optimum fo r  the  much higher i n t ens i t i e s  on a close-in 
solar mission. 
Bermants experi- 
n on p c e l l  
By extrapolation, it w a s  assumed that 
Berrnan has a l so  shown that the lowest series resistance at ta inable  
w i t h  nickel-plated contacts i s  W.2 0 w i t h  any nmber of gr ids  greater 
than  13. However, sintered silver-titanium contacts consistently provide 
lower series resistances than plated contacts f o r  the same number of 
gr ids  and a l l  other variables being equal. 
semiconductor-to-metal contact resistance,  which enters  i n to  Eq. (1) 
through terms R2 and R,. Therefore, from t h i s  evidence and from the 
preceding section, it can be assumed thak a c e l l  with 11 grids  and a con- 
t a c t  s t r i pe  along the 2-cm side of the c e l l  (these contacts being formed 
by the sintered silver-titanium process) would have a series resistance 
of m0.12 D and i s  the optimum type of c e l l  f o r  use a t  high in tens i t ies .  
This i s  due t o  a lower 
To support the above discussion on c e l l  design f o r  low ser ies  
resistance,  measured values fo r  various combinations of design parameters 
compared t o  calculated values a re  shown i n  tab le  111. 
Radiation Resistance: Numerous studies have shown tha t  n on p 
ce l l s  a re  more radiation res i s tan t  than p on n c e l l s  made from base 
material of the  same re s i s t i v i ty .  Therefore, n on p ce l l s  were chosen 
for  t h i s  work. 
The re la t ion  of base r e s i s t i v i t y  t o  radiation resistance w a s  not 
considered i n  c e l l  design. 
Cell  Size: 
largely because of the lack of published data on 2 X 2 cm c e l l s .  
This study chose 1 X 2 cm c e l l s  over 2 X 2 cm c e l l s  
Summary of C e l l  Requirements and Specifications : 
the requirements f o r  the solar c e l l  can be s ta ted as: 
To recapitulate,  
1. Minimization of se r ies  resistance Rs 
2. Optimization of short-circuit  current Is, at  1.0 AU 
3. Optimization of open-circuit voltage Voc a t  0.2 AU 
4. Maximization of power delivery throughout the mission 
5 .  Radiation resistance 
In  view of these requirements and the above considerations, a solar c e l l  
model w a s  evolved with the following character is t ics :  
1. Type n on p, 1 X 2 cm 
2. Base r e s i s t i v i t y  0.2 t o  1.2 G-cm, boron doped 
3 .  Diffusion Phosphorous, junction depth -0.6 t o  0.8 p. 
lb. Contact geometry 11 grids  with contact s t r ipe  along 2-cm side 
Cover G l a s s :  A transparent cover glass  over the  solar c e l l  provides 
physical and radiation protection and reduces operating temperature by 
decreasing the effect ive CG/E ra t io .  Normally, covers are affixed t o  
ce l l s  with an adhesive. 
nuclear radiat ion i s  a disadvantage i n  the high fluxes encountered i n  
close solar approach missions. Therefore, Si02 in tegra l  covers were 
specified. 
The sens i t iv i ty  of adhesives t o  u l t rav io le t  and 
Sample C e l l  Fabrication 
Over 60 sample c e l l s  were fabricated for  the  test  program. The c e l l  
specifications are given i n  table  I V .  Cell  layout i s  shown i n  figure 9. 
Cover Glass Application 
During the in tegra l  quartz cover application portion of the fabrica- 
t i o n  of the 0.2-AU ce l l s ,  problems were encountered i n  attempting t o  
fabr icate  quartz films thicker than 25 1-1. The problem evidenced i tself  
i n  gross cracking and delamination of the quartz layers.  
Since thicker covers w i l l  cer ta inly be required, fur ther  work would 
be needed t o  show f e a s i b i l i t y  of in tegra l  covers. 
Test Procedures and Results 
Screening’ 6 A l l  production c e l l s  were screened according t o  per- formance a t  28 
c i r cu i t  current, Isc, and open-circuit voltage, Voc, typ ica l  of the l o t  
were retained f o r  fur ther  t e s t s .  
C under 100 mW/cm2 tungsten l i g h t .  A l l  c e l l s  with short- 
Spectral Response: The spectral  responses were measured. Figure 10 
i s  typ ica l  of the spectral  response curves for  the c e l l s  tes ted.  
be seen tha t  the spectral  response of the EOS solar c e l l  peaks a t  approx- 
imately 700OOA, and a typ ica l  blue-shifted solar c e l l  peaks a t  approxi- 
mately 8000 A. The reason fo r  t h i s  peak wavelength response i s  not known 
a t  present; however, it i s  believed tha t  t h i s  i s  caused by the s t r e s s  
induced in to  the c e l l s  by the application of the in tegra l  quartz cover 
glass 
It can 
Balloon Standard Cell Comparison: Three sample ce l l s  were taken t o  
Table Mountain, California, and short-circuit  current readings were 
recorded. The t e s t s  conducted at Table Mountain indicate t h a t  the sample 
ce l l s  responded i n  the same manner as the secondary calibrated balloon 
c e l l  t o  spectral  s h i f t s  a t  Table Mountain. The t e s t  r e su l t s  were used t o  
calculate the value of short-circuit  current of the sample c e l l s ,  as shown 
i n  tab le  V. 
Temperature Coefficients of Performance: The temperature sens i t iv i ty  
of the e l ec t r i ca l  parameters of f ive  s i l i con  solar c e l l s  w a s  measured 
under 100 mW/cm2 tungsten l i g h t  over a temperature range of 10’ C t o  80° C 
i n  10’ increments. The parameters measured were open-circuit voltage 
Voc, maximum power voltage 
current Is, 
parameters measured were l inear  over the temperature range of +loo c t o  
+80° C. The resultant temperature coefficients are l i s t e d  i n  table  V I .  
maximum power Pw, and short-circuit  v”R’ In  a l l  cases, t e curves obtained f o r  the e l ec t r i ca l  
The average open-circuit voltage of the f ive  solar c e l l s  at 28’ C 
w a s  determined t o  be 570 mV. 
Series Resistance: The ser ies  resistance of every production solar 
c e l l  w a s  measured by the technique described i n  reference 1. 
indicated a range of values of se r ies  resistance of l e s s  than 0.1 Q t o  a 
maximum value of 0.46 R. 
selected w i t h  se r ies  resistances l e s s  than 0.1 Q f o r  use i n  the h 
in tens i ty  e l e c t r i c a l  performance tes t ing .  
The r e su l t s  
From these resu l t s ,  eight solar c e l l s  w e r e  
Performance a t  High Intensity: The tungsten l i gh t  performance test  
w a s  used t o  obtain the e l e c t r i c a l  character is t ic  curves of these eight 
selected solar c e l l s  over an in tens i ty  ranging from 1 sun (140 mW/cm2) t o  
10 suns (1400 mW/cm2). (Equipment l imitat ions prevented 25-sun tes t ing  .) 
After the solar c e l l  obtained an equilibrium temperature of 
28' C 
following e l e c t r i c a l  parameters of the c e l l  a t  the par t icular  intensi ty  
were measured: open-circuit voltage, short-circuit  current, maximum 
power current, maximum power voltage, and curve factor .  
+-lo C, a voltage-current character is t ic  curve was taken and the 
Four c e l l s  from the major solar ce l lvendors ,  i n  addition t o  the EOS 
0.2-AU c e l l ,  were measured over an intensi ty  range of 1 t o  10 suns. 
maximum power outputs versus intensi ty  a re  shown i n  figure 11 and, as can 
be seen i n  every case of the regular ce l l s ,  the power output decreases 
below the l inear  extrapolation of the 1-sun power output as intensi ty  
increases t o  10 suns. Figure 12 presents a complete se t  of voltage- 
current character is t ic  curves f o r  an EOS 0.2-AU c e l l  and a standard 
s i l icon  c e l l .  It can be seen that the 0.2-AU c e l l  re ta ins  i t s  curve 
shape over the complete in tens i ty  range while the ordinary c e l l  curve 
shape degrades considerably. 
The 
Tables V I 1  and V I 1 1  show the curve factor  fo r  the various s i l i con  
solar c e l l s  tes ted as a function of intensi ty ,  and the open-circuit vol- 
tage versus intensi ty  of a l l  the c e l l s  tested.  
table  V I 1  that the 0.2-AU c e l l  re ta ins  i t s  high value of curve factor over 
the complete intensi ty  range while the ordinary c e l l s  degrade as much as 
20 t o  5o$ i n  curve factor  from 1 t o  10 sms. 
It can be seen from 
Table VI11 relat ing open-circuit voltage versus intensi ty  shows that 
the open-circuit voltage of the 0.2-AU c e l l  increases continuously with 
intensi ty  while that of the ordinary c e l l s  tends t o  decrease or s tab i l ize  
a t  higher in tens i t ies .  
The net r e su l t  of the tungsten l i g h t  performance t e s t  indicates t ha t  
the c e l l  specif ical ly  designed fo r  0.2-AUperformance maintains a good 
curve shape and an actual  increase i n  power over a l inear  extrapolation 
of 1-sun power output while c e l l s  designed fo r  1.0-AU missions degrade 
seriously i n  curve shape and power output at  in tens i t ies  greater than 
6 suns. 
Discussion 
The t e s t  r e su l t s  show that the solar c e l l s  designed and produced 
f o r  operation under high solar intensi ty  show performance superior t o  
commercial c e l l s  i n  t h i s  application. Assuming the temperature coeffi-  
c ien ts  measured at  100 mW/cm2 apply at  higher illumination levels ,  these 
specially designed c e l l s  w i l l  deliver s ignif icant ly  greater power at  
higher operating voltage than w i l l  commercial c e l l s  on close solar 
approach missions. 
These c e l l s  were produced i n  quantity by state-of-the-art  techniques. 
There are two apparent anomalies i n  the solar c e l l  t e s t  data. F i r s t ,  
the c e l l  of Manufacturer No. 4, having a series resistance of w0.2 R as 
measured a t  1-sun intensi ty ,  s t i l l  degrades i n  i t s  power output a t  10-sun 
intensi ty .  EOS 0.2-AU c e l l  no. 13-12, having a higher ser ies  resistance,  
W.4 R at 1-sun intensi ty ,  does not degrade much a t  10-sun intensi ty ,  
having a curve factor  of ~ 0 . 7 5  at 10 suns compared t o  a c'urve factor  of 
m0.57 a t  10 suns fo r  the c e l l  of Manufacturer No. 4. 
The second anomaly exhibi ts  i t s e l f  i n  the behavior of the open- 
c i r cu i t  voltage versus intensi ty  of standard 1-AU ce l l s .  A t  higher 
in tens i t ies ,  the voltage does not increase logarithmically with intensi ty .  
Some factor  modifies the exponential behavior at  in tens i t ies  greater than 
4 suns. 
CONCLUDING REMARKS 
The problem of using s i l icon  solar c e l l s  on near-sun missions i s  
related largely t o  temperature control of the solar array and t o  main- 
tenance of high power output at high solar f lux  input. F i l t e r s  and 
re f lec t ive  coatings placed on the solar c e l l s  show promise of controlling 
the temperature on missions t o  0.4 AU of the sun with a minimum of space- 
c raf t  complexity. A despun heat shield concept fo r  Pioneer shows promise 
of extending penetration t o  0.2 AU of the sun. 
designed and fabricated t o  optimize their character is t ics  f o r  t h i s  mis- 
sion, the c e l l s  can provide substantially improved performance over the 
usual 1-sun design. 
If the solar c e l l s  are 
REFERENCES 
11 1. M. Wolf and H. Rauschenbach, Series Resistance EZfects on Solar C e l l  
11 Measurements, Advanced Ehergy Conversion, vol  . 3, 1963, pp . 4'35-499 
2. P. A. Berman, "High Efficiency Si l icon Solar Cells, Final Report," 
Contract No. DA-36-039-SC-90777, Heliotek Corporation, S y h a r  , 
C a l i f . ,  July 1964. 
11 3. Texas Instruments, Development of Epitaxial Structures f o r  Radiation 
Resistant Sil icon Solar Cells, F i r s t  Progress Report," Contract 
No. NAS5-3559, March 1962. 
TABLE: I 
AWRAGED CUT-ON AND CUT-OFF POINTS FIROM SPECTROPHOTOMETER ~~~~ 
(Wavelengths i n  p) 
Cut on, 
cut off J 
A, 
F i l t e r  
Incident 
angle 9 
deg 
0 0.405 
15 .403 
30 - 397 
45 ,390 
0 0583 
15 577 
30 .564 
45 -534 
1" 
0 
15 
30 
I R  
Cut on, 
A 3  45 
1.21 
1.195 
1.16 
1.12 
2* 1 3* 
0,590 
.584 
0 572 
.562 
.694 
.687 
.668 
,629 
1.23 
1.19 
1.22 
1-17 
0.701 
*679 
.660 
.810 . a00 
0 777 
9 737 
.694 
1.28 
1.27 
1.21 
1.19 
5** 
0.390 
-389 
9 385 
378 
1.09 
1.08 
1.06 
1.01 
1.47 
'1.46 
1.41 
1.33 
6** 
0.405 
.404 
401 
-394 
1.09 
1.09 
1.07 
1.02 
1.49 
1.48 
1.44 
1.38 
. ~~ 
*Substrate thickness, 0.304 cm. 
**Substrate thickness,  0.132 cm. 
TABLE rr 
SUMMARY O F  ROTATING SOLAR CELL TEST REEXJIX'S 
1 
2 
3 
4 
5 
6 
20% Coating 
40% Coating 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
231 
218 
233 
231 
218 
233 
228 
228 
236 
228 
228 
236 
231 
230 
230 
231 
230 
279 
218 
231 
221 
218 
231 
221 
0.017 
.051 
.076 
.015 
.069 
.015 
.046 
-095 
.021 
.060 
.io5 
.056 
.128 
.056 
.128 
.058 
.168 
.076 
.128 
.088 
.Ob5 
.145 
-145 
.Ob7 
0.59 4 
-55 12.8 
-475 17.8 
0595 3.44 
.56 13.1 
.48 16 
-575 3.2 
.560 13.6 
.4go 22.5 
.580 4.8 
.550 16.2 
.480 21.55 
.600 17.2 
-565 29-25 
-335 10.85 
9565 29.25 
*335 10.85 
.540 37.8 
.370 13.0 
.580 26.3 
.600 17.2 
-610 17.2 
.625 14-95 
.425 15.25 
TABLE I11 
Resis t ivi ty  Sheet resistance Type of contact Calculated ser ies  Measured ser ies  
of base of diffused and number of resistance from resistance 
material, layer , grids  the model of (Berman) , 
R- cm per 62 square Berman (ref. 2 ) ,  n 
n 
r 
CALCUUTEXI AND EXREIMEz\JTAL VALUES OF Rs FOR VARIOUS TYPES OF cELT;s 
Size and type 
n on p, 1 by 2 by 2.5x10-2 cm 
1 
40 
20 
20 
20 
Nickel plated,  
3 grids  
Nickel plated, 
11 grids  
Sintered, 
11 grids  
Sintered, 
11 grids  
0 .a2 
-25 
.12 
.1 
0.8 t o  1.0 
.12 
(estimated) 
CELL SPECIFICATIONS 
Grid  geometry and type I 11 grids,  contact s t r ipe  along 2-cm side, 
sintered s i lve r  t i tanium 
Base re s i  s t  i v i t y  
0.2 t o  1.2 Q-cm 
Diffused junction depth 
0.6 t o  0.8 c1 
Series resistance I 0.1 t o  0.2 n 
Short-circuit  current at AM = 1 (100 mW/cm2) 
3 40 mA 
Open-circuit voltage a t  AM = 1 (100 mw/cm2) 
> 0*55 V 
Cover glass  
Integral ,  2.’3X10’3 cm thick, Si02 
TABLE V 
r - 
T(Voc) = -2.306 mV/OC 
- 
T ( v ~ )  = -2.21 mV/Oc 
- 
T(Pq) = -0.0509 mW/OC 
T ( I s c )  = 70.8 @/OC 
- 
- 
voC(28O C )  = 570 mV 
STANDARD CELL DATA 
S/N No. Rat io  Isco 
11-3 0.782 47 = 31 
12-1 ,746 45 013 
10-6 772 46.71 
Standard no. 169 Isco = 60.50 + O . l l m A  
 test ce l l )  
Is, ( s t d  169) 
Ra t io  = 
I,,, = ( r a t i o )  (I,, s t d .  169) 
TABU3 VI1 
CURVE FACTOR (Pq/IscVoc) VERSUS INTENSITY 
1 
2 
4 
6 
8 
10 
R, 
C e l l  number bnufac tu re r  number SUn 
14-10 7-4 13-8 13-12 1 2 3 4 
1 
2 
4 
6 
8 
10 
RS 
0.729 0.762 0.700 0.777 
.669 .75i -665 .763 
.556 .696 -574 0720 
.485 .638 .496 .669 
.44i .596 .439 .616 
.84 .30 .37 .20 
a 4 1 1  e550 9395 -569 
TABU V I 1 1  
SUn 
1 
2 
4 
6 
8 
i o  
SUn 
1 
2 
4 
6 
8 
10 
OPEN CIRCUIT VOLTAGE ( I N  mV) VERSUS INTENSITY 
C e l l  number 
13-11 13-3 4-4 4-5 10-4 12-7 12-3 11-4 
579 584 583 582 577 570 576 570 
593 609 602 601 605 591 597 590 
623 625 628 627 622 620 620 619 
634 634 639 637 630 630 632 630 
650 646 651 649 646 640 644 642 
658 654 660 657 653 649 656 650 
C e l l  nuuiber Manufacturer number 
14-10 7-4 13-8 13-12 1 2 3 4 
570 572 580 571 564 560 571 580 
598 607 608 599 571 576 588 596 
614 622 620 620 575 589 590 600 
628 626 633 632 572 589 595 600 
635 649 647 570 605 601 600 
635 650 650 569 608 593 591 
FIGURE IXGENDS 
Figure 1.- Despun heat shield concept f o r  Pioneer. 
Figure 2.- Solar c e l l  t es t  fixtures. 
Figure 3 .- Experimental t e s t  configuration. 
Figure 4.- Current-voltage measurements f o r  ro ta t ing  solar  c e l l  assembly 
with f i l t e r  number 3. 
Figure 5.- Current-voltage measurements fo r  rotat ing solar c e l l  assembly 
with f i l t e r  numbers 5 and 6.  
Figure 6 .- Current-voltage measurements for ro ta t ing  solar c e l l  assembly; 
e f fec t  of coating area. 
Figure 7.- Current as a function of incident angle f o r  various loads; 
solar  c e l l  with f i l t e r  number 5 under 1 sun in tens i ty .  
Figure 8.- Equivalent resistance of a solar c e l l  u n i t  f i e l d .  
Figure 9.- Dimensions of high in tens i ty  solar c e l l .  
Figure 10.- Typical solar c e l l  r e l a t ive  spectral  response f o r  constant 
energy; temperature 28' C.  
Figure 11.- Measured maximum power versus intensity;  1 X 2 em ce l l ;  
temperature 2 8 O  C. 
Figure 12.- Measured 1 X 2 cm c e l l  character is t ics  a t  temperature of 28' C. 
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